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for a few selected plates and weld sizes. These distributions are 
compared with those due to manual welding. A knowledge of residual 
stress distribution in automatically welded plates is useful in predic-
ting the residual stress distribution in automatically welded .~,p.~pes. 
The strength of welded bui.lt-up columns depends on the residual stress 
\\ distribution in the shape .. 
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PURPOSE AND SCOPE 
Re_sidual stresses are an important factor influencing the 
2 • .. - . . ·- ..... -...... ~·---~ ... 
' 
··. --
' ·r, 
.~·i 
,'':~: 
;., 
' 
' 
-
. - - :"' .· -·~ -:· ··- - . -··- ·1 ----strength of centrally loaded steel colunms. An exten~ive.·r·esearch pro-
ject on Welded Built-Up Colunms_is underway at Lehigh University un(Jet:' 
r the g.t1i_d .. ~nc-e ... 0-f .. Tas-k. Gr.~_:up- l · o f-th-c-~ltrll1It-=-Rt~1fea.rch Co.tmtl r ~~ ~ ~l~-.:g~g,u.p·:- ~ ~; -:-._~- ~- -.:. - ·· .'j"W9 ' • ·- __._..__ •. . ~- "" __ _. .-~· ... - . _......,. ........... 
concerns the residual stresses in automatically welded plates which may 
be considered as the compo~ent parts of a welded built-up shape. 
Euler defined the buckling load of a· column by the equation 
----r· 
Per TI""' z . E 
--= A \ ~L.) 2 ( 1) ' 
where, G, ·- · 1 is the --buckl~ng stress in a column, E is -the Young's modulus, · er 
Lis the total length of the pinned-end column, and kL/r is the effective 
slenderness ratio. Euler's buckling formula is applicable to steel. 
columnfsections which remain elastic throughout the loading. Most prac-
tical columns fail in the inelastic range and the strength of such 
·columns is obtained from the tangent modulus concept by replacing Eby 
1 Et in the Euler equation; thus, 
Per 
• 6cr :a ' . (2) A 
where Et is the tangent 1J10dulus. Et is given by 
(3) 
·' 
I 
., 
,I 
.- ,..i'_'' •. J 
~ •. 
' ',..,./ 
,/• 
' .. 
-: ., 
·f 
3 ..• 
where le is the moment of inertia of the elastic part of.the-yielded . 
. 
I 
2 cross section and I is the moment of inertia of the entire cross section. 
Et is less than E for stres·ses above the limit of proportionality of the 
stress-strain curve for a cross section con.taining residual stres·ses. 
_ · The c0-rresponding ··tangent modul-u_i ___ load for a column is less than that 
••• .,., .............. ..i. ... • 
I. t ·, 
. •.') • 
This 
·-~ ..,. . . . 
-......... ,.._ 
. .. - ... ---- ... - - . " . 
· ·reduct.ion can. ·.be ·attributed to the pres·ence of residual stresses in the 
shape. 
'' i 
A study on the manually welded plates was conduct~d a fek years 
ago . . However, since automatic welding is used extensively and almost 
' 
exclusively in the fabrication of welded built-up columns in modern 
fabrication plants, a limited number ·of tests were conducted. This· 
' 
investigation was thus confihed to the study of the influence of the 
automatic welding process on the formation of residual stresses in 
welded plates.and to compare them with those of manually welded plates. 
Residual stresses are the stresses that remain in a material as 
a result of plastic deformations. These are caused by the uneven cooling 
,, 
of the material after hot rolling, welding, or flame cutting and by 
various fabrication methods such as cold bending and cambering. 3 ,4 
Welded built-up columns of small and medium cross sections 
contain high compressive residual stresses which reduce the carrying 
capacity of the column; the reduction in strength may be considerable if 
these compressive residual stresses are in critical sections of the shape 
) , .. 
,_ 
. . ~. . . . . ... , .. - '. . ...... 
\ 
··-·- ..•. -:.::-::,.-:'- .·. ,: ' ·.~-- ,;... - ----·-·· , ...•. _ .. _ •. \· -·-·-r--':"-·'"'-"---"-~_.. --=-~--- --· ,. -
4. 
such as the tips of the flange of an B-shape bending in the weak direc-
.. 
. ' 
. ' 
tion. A typi~al distribution of residual stress in a welded built-up H-sec~ 
tion is shown in Fig. 1. For this reason a knowledge of the magnitude 
and distribution of residual stresses in welded plates, which cai;i .Pe 
.... ~ 
...... .-~ ...... ,...~-.... ------------------------------------------ - --------·- -- ------ - - ------ ·----- ---------~ . . . ............. : ......... co.nsj.de.r.ed. as .. c.o.mponen.t parts of a welded built-up shape.-.i-S important. 
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., 
.,. 
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... . ·. 
The manually welded plates were.of ASTM-A7 steel, while the 
automatically welded plates are of ASTM-A36 st~el; since the difference 
in their yield strengths is not significant, the residual stresses in 
\' \' 
both the cases can be considered as belonging to plates of the same kind. 
INFLUENCING FAC'IORS 
• Residual stresses in welded plates are influenced by the 
geometry.of the plates, the type of welding, the heat of welding, the 
speed of welding and the rate of cooling with the geometry being the 
main factor. 2 ,3 
The molten weld metal deposited in the joints melts the adjacent 
base metal, the welded plate then cooling down to atmospheric temperature. 
tt 
The temperature gradient across the weld is steep but continuous. The 
theoretical analysis of thermal and residual stresses is made complex by 
the fact that plastic deformations are involved and the ·physical proper-
3 5 ties of the metal vary with temperature. ' 
.For the same welding conditions a wider heat· affected zone is 
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created in thinner plates than in thicker plates. The width of the plate 
is no great factor for the behavior at the proximi.ty of the weld. It 
does however influence the general rise in temperature ·after welding. 
6 The speed of welding affects mostly the shape of. t.h.e isother.m .... 
' I 
. ---- .. - . . . . . . - . ····-··. -- ..... J 
....... .......... ..... · .......... - ... -· 
. Reslctual stress magnitude also depen.ds o.n the method of fabrica-
. " -----··· 
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while in manual welding the speed of welding and heat of welding depend 
to some extent on the human factor, in automatic welding they can be 
maintained constant. Automatic welding has some distinguishing charac-
teristics such as high current densities, high melt-off rate, high speed 
and deep penetration. These factors improve the quality of the weld. 
The granular flux produces uniformly excellent weld metal, low in 
7 hydrogen, and low in crack sensitivity. 
PREVIOUS RESEARCH 
In the past, researchers have developed analytical methods to 
estimate the residual stresses in plates due to welding; such methods are 
applicable equally to automatic welding as to manual welding. 'But, more 
often, analytical solutions are not found to be in agreement with test 
results because of various variables involved. The experimental work 
. ; 
done in the past two decades is sumroa~ized in Reference 8. Since the 
type of welding is not menti'oned explicitly in any one of these investi-
) 
gations it is assumed that manual welding might have.been used in most 
of them. However, the results of these investigations together with those. 
'\ 
.. •·--···· 
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of recently tesfed manually welded plates serve as a sound basis for 
comparison. 
\ 
/ 
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Since a large number of plates had' been tesfed iu the series of 
...... 
- -
tion was to study the effect of automatic welding, a limited but well 
represented selection of plate sizes and weld sizes were made. 8 Table 1 
shows the various sizes of plates used and the tests conducted on them. 
Table 2 gives information available from each of the tests. 
The plates were welded automatic··ally by the submerged-arc 
process. They were welded along either single or double Vee-grooves 
in the center, or along an edge so as to simulate conditions in actual 
built-up shapes. Figure 1 shows how these welds simulate those on parts 
of H- and~~ sections. In the case of manually welded plates some of 
the Vee-grooves had be·en cut through- the entire thickness of the plates 
as shown in Fig. 2a. In the present series, such a groove was not suit-
able as the weld metal would burn the bevel edges and fall out on the 
other side of the plate. In order to overcome this difficulty and to 
facilitate welding, the,.groove angle was made 90°. At the roots, a 
minimum thickness of 1/8 in. ,,,for '--Sfiigl,,e, Vee and 1/4 in. for double Vee-· 
welds was allowed. In addition, the deposit was given a convex surface 
to conform to best ·welding practice, as shown in Fig. 2. In Test T-1, 
_-,;·· 
---
-~ ·"'-- .............. -,· 
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" 
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• • ) 1· ;;, •• ·.,:i.~:'.·t· .1..-::~,~.i~fi~U~~14{i{f:? ;i:~ 
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for the center-welded plate a ·1/4 in. x 1/8 in. bead as shown in Fig. 
2b was deposited without ~king a groove along the center line. 
,~- .... 
7. 
The plates were welded in the "Flat Position" _by autoJUatic __ .. _____ . 
--
welding_~ quip ment. The plates were clamped in position as shown in 
--·-----------------
-----------------·---·· 
... - ....... , . . . . . . . \'. - .... - ..... ' 
Fig. 3. 
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any relevant details were recorded for each.welded plate. This informa-
f> 
tion is giv~n in Table 3. 
The plates used in these tests were all bars or universal 
mill plates of ASTM-A36 steel. cold-straightened by "gagging" at the 
mill to be within specification tolerances as to straightness. ·Measure-
ment of residual stresses was not made at those sections where flaking 
of the mi 11 scale indicated that localized deformations due to "gagging'~ 
had occurred. 
,I., 
RESIDUAL STRESS "MEASUREMENT 
'!he plates used were sufficiently long so that a uniform state 
of stress would exist in the central portion where the residual stresses 
were measured. Residual stress measurements were made on a 10" gage 
length, both ends of which were at a distance from the cut edge more 
than the width of the plate, which has been shown to satisfy the 
. ~' 3 requirements for effect of boundary conditio~,s-~ i ' 
' 
Residual stresses were measured on non-welded as-rolled plates 
to determine the distribution of residual stresses before w~lding·. 
·ti. 
... 
-~ -- .. -... 
..:. '-,I."'··· - .•..• 
•··· ~-;_ . 
~-
. " 
:, 
I· 
. ~.-.... 
. . -······ .. 
l 8. 
Residual stresses were measured by the ''method of sectioning" described 
in Reference 9. Gage holes were.marked on the plates, the gage length 
was measured and the plate cut into pieces, as shown in Fig. 4 for a 
typical plate .. Cutting relieved the stresses in the plate, and by 
measuring the gage length aga~n_ 1 __ t~e .. ~4.~i:i_ge .. J:n. ... l.~ng.th.gave the elonga--- - ... - • • • • - •• • • • ' •••• # ......... ,. -· - .. - # •• - .. 
.. .. • 
1 ··.• 
released. 
. . ·.. - - -
-.....-·:........-
residual stresses only, although by inference, the lateral residual 
stresses are also obtained. 
COUPON TESTS. 
Coupon tests were conducted on tension coupons taken from 
'\ 
plates before and after welding in order to obtain plate material 
properties. Fig. 5 shows a typical lay-out of coupons cut from plates. 
Tables 1 and 2 indicate from which plates the tension coupons were cut. 
.. "' The dimensions of the coupons were in accordance with ASTM specifica-
•·l '~ 
. 10 t1ons. 
III. TEST RESULTS AND DISCUSSION 
RESIDUAL STRESSES 
The results of the tests are shown in Figs. 6 through 13 and 
,/.' 
in Tables 4 and 5. The illustrations are classified into three groups: 
plates before welding, plates with center welds and plates with edge 
welds. Residual stresses in manually welded plates of comparable size 
are shown for comparison. The size of the weld is indicated in each 
-:: . : 
. .(1 
,J .,..._.... 
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1/ 
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of the stress patterns. Residual s tres.ses on the two faces of the 
plates, as well as the average values are shown for each plate. 
,MO .. -~ •'' " ) 
Table 3 gives i.nformation as to the w~ldiag- conditions of 
............... ····· ,. ·· each plate. In Tables 4 and 5, the ~s~f{{J.tql_..g_ti:e.s.R_dj~s.rxib•Jtion--:!:s---·········;:····~;.'"···· .. r • • .. - -· - • r • - .;.· . .;..·.., ·• • • • ,. • • • • .. • - • .. - • - .. - - .. • ,. - • - • • • • • • • • ....... - • ..... • ......... • '"' • .. • ., .. ... .. , .... • 
:,.·.i .. 
static yield . stress l~vels ·of the -coupons taken from plates bcfcre-ar1i:i · 
_after welding are given in Table 7. 
Since this study was intended mainly to verify· the validity ,·. \._ - ...,. . 
of the results obtained for manually welded plates, it was anticipated 
that the residual stresses in automatically welded plates would'be 
similar. Some of the conclusions ma.de from this study are identical 
to those from the study on~ the manually welded plates. 
In this investigation also, it/was noticed that the residual, 
stresses in all the non-welded plates as well as most of the center 
welded plates were approximately parabolic. 
For non-welded plates (Fig. 6), the maximum tensile residual 
stress varies from about 1 ksi to 8 ksi with an a~erage value of about 
4 ksi. The compressive residual stress at the edges of the plates 
varies from 6 ksi to· 23 ksi with an average value of about 11 ksi~ .. · 
Since these plates were not cold-straightened, the residual stresses 
shown were those due to cooling only. Residual stress magnitudes appear 
to be higher for wider plates. It should be noted that they depend to' 
some extent on the thickness of the plate also. 
·~ .... ,-.. ' .. 
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The residual stresses in center-welded plates are shown in 
.. 
Figs. 7 through 10. The residual stress pattern in these plates is 
almost synnnetrical about the weld. and is of the same shape. The .. 
' heavier welds tend to give rise to slightly higher stresses. In most 
- --- -· - ·- .... -· ···-- •· ·- .. ··- ... •:'- ··--- ,, ... :.:_ ~~ · _ .. ~;. ~~-~: .t¢}(t~~--- t1i.e_~-_te\lS1l"e -_iui:.d. .c.nmpIEEEl~.e- for~es - eala~eeS.; -}ncl:!:~ating- - - · - - ~ - · .. -- .. · - -
I 
·• 
. _ tDJ!_L the r.es i~'1-'J-al s t!"es s-- measurements and methods were re lia·ht e·.· .. _ .. ·- -· ·--·--: ·· ~ ..... ---.~- -----~~---·_ .:.·_·_ 
. . . . .......... ·-·. . . . . . . . . -- . . .. - ~ . . -... _..,,_ .. . -· ---~--.... --- . ---- ····- -- -·-~----·--·-··· 
Residua] stress_ ~a_gni~~ a.t the -~eld.ha~ __ been f~~ .~l?ovP._t.he .yield 
strength of the bas~. material rangin& from 41 ksi to 74 ksi. The ) 
residual stresses were equal to the higher yield strength of the weld 
metal deposited. 
There is noticeable difference in the residual stress distribu-
tion on the two faces of some plates (Plate T-4-2, Fig. 8; T-5-2, Fig. 
9). One'of the possible reasons for this difference is the insufficient 
restraint on the plates during cooling. While in the case of manually 
welded plates the restraint was maintained until the plates cooled down 
. to the room temperature, for the automatically welded plates, the 
restraint was removed soon after welding. This was also evident by 
the apparent distortion in the welded plates. 
Plates with double Vee weld at the center do not show much 
difference in the residual stress on the two faces as ~an be expected, 
since the weld is uniform throughout the thickness (see Fig. 7, plate 
T-3-2; Fig. 9, plate T-6-1 and Fig. 10, plates T-7-1' and T-8-1). Plate 
T--5-2 in Fig. 9 is the only excepti~n. This plate shows tensile 
residual stresses at the tips Qn one face. This is consistent with the 
curvature noticed in the plane of the longitudinal edge of the plate. 
·., 
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The residual- stress distribution in edge-welded plates are 
illustrated in Figs. 11 through 13. At ·the welded edge high tensile. 
residual stresses ranging from 28 ksi to 66 ksi are· present. The 
average tensile residual stress is about 52 ksi. Except for one 
, plate, T-8-2, all the edge, ~~lded plates have tensile residual stress 
... -ksi . This tensile·stress is l1lgl1er for narrow·plat_es and. _l_QW:-~r:··_:fqf_~--- __ . 
. •/ 
plate varied from,.. lJ ksi to 28 ksi, and was spread over nearly half 
the width of the plate. 
COMPARISON WITH MANUALLY WELDED-PLATES 
The residual stresses due to automatic welding are compared 
with those due to manual welding. In the case of the manual welding, 
A7 steel plates with a specified minimum yield stress level of 33 ksi 
had been used, whereas in the present study A36 steel with a specified 
minimum static yield stress level of 36 ksi was used. Since the actual 
yield· stress levels of the two steels are almost identical, it is 
justifiableto compare the residual stresses. 
Residual stresses in manually welded plates of comparable 
. . 
:Size are shown along with those in automatically welded plates in Figs .. 
7 through 13. In a few cases, where the tests had not been made on 
plates of identical size, the results of a slightly larger or smaller 
plate is shown. 
For the center-welded plates, it appears that automatic 
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welding introduces less tensile residual stress at the weld and more 
compressive residual stress at the edges than manual welding. The heat 
output during welding for automatically welded plates and comparable· 
manually welded plates are given in Table 6. The heat output is less 
in the automatic welding process than in manual welding. It should 
- •·'; ...... ,:, .......... . 
- - 4ls6 - 5e -rioted- that- the tensile residual· stresses are spread over a·............. ·.·'.< 
wider region for automatically welcied plates than for 1nancra-11y--we·lded ·-·-
··plates. lfcrwever·; · ·the differences in t-h-e.· mag1,i·tt:1des o:- ~-ae resid~a.l - - -
stresses are not much. / 
Similar concl~sjons can be made for edge-welded plates also--
the tensile residual stresses at the welds are lower for automatically 
welded plates than for manually welded plates. Likewise, compressive 
residual stresses are slightly higher for automatically welded plates. 
In addition to these, a significant difference can be noticed in wide 
edge-welded plates; while manual welding caused compressive, residual 
,I 
stress 'at the edge remote from the weld, automatic welding produced 
tensile residual stress. Probably this was to balance the already 
higher compressive residual stress in the interior of the plate. 
On some of the manually welded plates the residual stresses 
were measured on only one side, whepeas for automatically welded plates, 
the measurements were made on 9,0th sides. This makes the comparison 
/ 
difficult in a few cases. A;~erally, for plates less than 1/2-in. 
/ 
thickness, the residual//st_resses on the two faces are very nearly the 
same, irrespective of·the type or position 0£ weld. 
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COUPON STRENGTH 
The process of welding changes the material properties of the' 
<' 
plate only in the vicinity of the weld. The most important change is 
tba~ the static yield stress level is increased, due to the presence 
------~ - -- .: - -·-.- -·-- - - - - - -Qf-we 1 d- .me-ta.1-.,. - . Tabl-e. 7 shows -the r~s.u 1 ts o £ coup.on .. tests. before ai, ... d --------- ....... ,·-·--- .. -- ... 
---- -
- - -· ,• .• ,i .. 
----...... •. .... . ,· ... -·. 
welding. But, after welding, the coupons containing weld metal showed 
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. t' 
15 to 25 percent increase in static yield stress level, relative to 
the adjacent coupons which were free _from weld metal. Also, the duc-
tility of coupons having weld metal had reduced by about 15 to 25 
percent, and were yet within the accepted limits of specifications.~1 
,, 
PREDICTION OF RESIDUAL STRESSES 
The salient dimensions of the residual stress distributions· 
.for all the plates have been enumerated in Tables 4 and 5. These 
tables have been derived on the assumption that the static yield stress 
level 6 y = 36 ksi. For comparison with the manual~y welded plates, 
·· ... 
the plates are classed as "narrow", ''medium"· and "wide" having widths, 
less than 8-in., 8 to 14-in., and 16 to 20-in., respectively. Average 
experimental values of residual stresses for each group are shown in 
Table 8. Comparable values of manually welded plates are also shown. 
Although the number of tests conducted in this series is very 
small, the average magnitudes of residual stresses shown in Table 8 
are indicative of the trend. The differences in characteristic residual 
stress magnitudes.. are not significant. 
IT 
The location of zero and maximum 
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residual stresses for the edge welded plates are somewhat different. 
With the help of this table, a reasonable estimate of the residual 
stresses in automatically welded plates can be made. 
I -The results of this investigation indicate that if an H-shape 
•• I, 
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able -~~n .. ~~~~Y ... ~ ... E;-~.~~,4 .... lt:..ahape . .,, .... Such _a~s-tress .cond~ ~ion causes yielding 
to connnence at slightly lower loads when the shape is used as a column, 
compared to a manu~lly welded built-up H-shape. 
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IV I SUMMARY 
_/ 
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I, 
This section suUBDarizes the results of an experimental investi-
;; gation on the nfagnitude and distribution of longitudinal residual 
stresses arising in plates due to cent~~ and edge welding by the auto-;t. ........ 
matic submerged-arc welding process. These tests were intended to com-,, 
pare the residual stresses due to automatic welding with those due to 
manual welding. Since automatic welding is used extensively to fabricate 
welded built-up columns. The results of this investigation with those 
on manually welded plates will be helpful in estimating the residual 
stress distribution in such columns. A knowledge oft~ residual stress 
distribution in a shape is essential to determine its colunm. strength. 
A limited number of tests were conducted on plates varying in 
) width from 6 in. to 20 in. and in thickness from 1/4 in. to 1 in .. The 
.A'. 
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plates are of ASTM Designation A36 Structural Carbon Steel. The main 
conclusions of this investigation are:. 
l. The residual stress distribution in the non-welded plates as well 
as most of the center welded plates is approximately parabolic. 
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stress at the weld and more compressive residual s~r~s~. S;:W~Y f'!"om ____ ----·· ....... _ 
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the weld, than manual welding. The tensile residual stress was 
···-- ,.. . _, ~- . .. . ' .._9S'98_ ........ ,.... ..... ... ..... . ' .......... ' ....... . 
spread over a wider region for automatically welded plates than 
for manually welded plates . 
• 
i 
3. For-edge welded plates, automatic welding produced tensile residual 
" 
stress at the edge remote from the weld, while manual welding had 
caused compressive re:sidual stress. 
4. Material properties such as yield stress and ductility are affected 
in the immediate vicinity of the weld, due to the presence of weld· 
metal. 
5. A reasonable estimate of residual stresses in automatically welded 
plates can be made with the help of Table 8. 
6. This study indicates that yielding in an au_tomatically welded H-
shape column is likely to commence at a lower load than in a 
manually welded H-shape column. 
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V. NOMENCLATURE 
b- width of the plate 
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t E I symbol for edge weld 
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depth of the weld 
symbol .rfor double-vee groove weld 
I 
parameters in terms of "b" used to express the distances 
of the points where residual stresses are zero or 
maximum compressive 
' 
static yield stress level (zero strain rate) ,_ .. · · 
residual stress at center of center-we·lded plate 
residual stress at 
residual stress at 
residual stress at 
residual stress at 
plate 
~ .. 
J 
the edge of center-welded plate 
the welded edge of edge welded plate 
the center of edge'welded plate 
the non-welded edge of the 
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+ coupon test before welding 
* coupon test after welding 
.. 
'. -,,-,,l '.· 
32. 
"• r • 
., 
, 
. _____ ,. 
20 11 
0 
X 0 + * 
·., 
. ·• 
•· 
' ):, 
.. 
---
\ 
\ 
/ 
- -,-- . --,----- --. - i 
(, 
' . .............. 
__..._ ... ___ _ 
I ' 
~.: 
... · . 
- \ ' t I , 
• l • ·, •• 
_33. 
I. 'Of" 
I . 
- l :r ,. 
TABLE 2 
DATA GROUPED ACCORDING 'IO PLATE WIDTH 
. 
-·- - . ---- ------ ··-·---··· ---····-
Residual Stress 
I 
..... ...__ -- - - -
-· Plate Size -- -· -(Meas-ur-e.cl- - - ·- - --T-ype -& ·--Dept-h of ·weld Coapsn-Tests 
\ r ' Before\ After Single! Double Edge 
·- I . . 
Llding i__w_e~-~~~g I d ( in) I D (i~) . T (in) 
. - ...... ,. -·· ................. '"" ....... •···· .... _____ ....-~---......------...... - --~-----~--
1_ -
" 
Before After 
Welding Welding 
. Test l b t 
--· No.· .... I {-in) l.( in) ~·~ ·-·--. .. . . . . J . I 
T-1 6 1/4 -- X 1/8 1/8 X X 
6 1/_2 X ·1/4 1/4 
T-3 : ·6, l ~.~. 3/4 ~.··:1!19: ' ;.I X X .. -· .. ~ ~ .. ~ 
• 
' 
,: =I· 
·, ·'}· 
: 
T-4 10 1/2 -- :x 3/P, -·- 1/4· ··-~·-, ·-··-,. :_ . . 
: : 
: 
.• .• 
T- 5 .l.4 l./2. x:· .x : 1./4: l /4, 1/4 x: :x : 
... 
. 
.. r 
,. 
' 
.. 
', 
. 
1:4 
: 
3/4 1fi T- 6 : ~ ----; -- -·-·- ~-~ 
', 
.. 
: 
1 
... 
T- 7 20 3/4 : 1. .. /.2. 3/8 .. ,• •. 1. --- X .... ·~- -- !9.· ~~ -
.. 
' 
-
. 
.. 
T-8 20 1 X .x -- 3/4 1/2 X X 
· .. :~. 
·~. 
·~ ,;.., . 
. . 
. 
·,,.;_.;)J,..,1.'t1;.~:~,l~-~*' 
' . ' .·. · ... , 
• --· I .... 
...... -...--.a. ... ._.,._,..,. __ _ 
- .,.: 
I 
. ~ . - ""' . .. ....... ... . - ~ 
: / 
,,, 
}. 
. 
-. • \:i - ,_. -~,_ _ _... , • ... _.,c...: - • ,._~. •• ... _. -.. • >' - -- :. -- • . I ~ •-. _ ... ,---.,~-~---·>, f;-·' ,-:_-'•"C°a~, I•· ;-1-,_.,, •. -·I.·' .,·•,:·~·,-"-,·,,1·0',,., .... ,,trt• .. -,. ....... .,._,ta.l\.ll''-"'~ 1-~'-''"-~--~.'!,.",.·c,•,. __ ,J,4,.~•,-._"L;- .,. • 
34. \ 
TABLE 3 ·• 
:e,· 
RECORD OF RATE OF APPLICATION·OF WELD 
. ... 
'l'he welds with 5/32" diameter Raco-Hi-Manganese Wire and Linde /#50 flux (T-1-2 through T-4-1) and Linde 1185 flux (T-4-2 through T-8-2). 
.. 
" 
-Type Length . ' & 
. - . - .. -. . . - . 
........... 
-- Ciirr eri t: .. . . . . .. . . . .. . . . . . . . . . . -Test Si.z.e .. --De-pth of of Weld Pass ... Speed I 
.. 
No. (in) Weld (in) No. (amp). Volt. (in/min) 
. - - ..... ~...... ... .. , ... - .... . . .. ,,. F""-~-- .. - . -- -- . __ ,_ ,. . 
________ ,._ 
. ----- . 
. ' - - .. 
·-·· -
. -
---
... .. . . 
- ( 
!' 
I ' 
i 
' 
" t 
... 
- . 
--· ~ ............. . 
i/4 T-1-2 6 X E 1/8 '' 31 1 420 
~~"t 68'., ... , ..... ,, .... "····· .. '.·' . . . ' ....... . ~.:-,·-~· ...... 
· ·:r-1~1-_ .. . ·~- x~ 1/4· 
-· 
. 
T-2-2 6 X 1/2 
T-2-3 ,. 6 X 1/2 
T-3-2 6 X l 
..... 
~-4-1 
If 
10 X 1/2 
I 
T-4.;.. 2 10 X 1/2 
T-5-1 14 X 1/2 
T-5-2 14 X 1/2 
T-5-3 14 X 1/2 
T-6-1 14 x· :3/4-
"i 
J 
J 
E -- kd g e weld 
V -- single Vee weld 
X -7 double Vee weld 
i 
/ 
.,/ 
I . 
I 
/ 
- -' 
. - . 
- - - . 
. 
·bead· 11s·11 
E 1/4" 
V 1/4" 
. 
X 3/4" 
E 1/4" 
V 1/4" .. 
. . 
: 
V 1/4"· 
X 3/4" 
E 1/4" 
·x 1/2" -
'""'" ....... 
-
' 
., 
- -·. ~ a • • o • 
.. . 
41 1 620 26 58 ~ 2 620 26 58 
. 
31 1 640 30 ,34· 
2 640 · • 30 34 , 
31· 1 470 34 20 2 650 34 20 . . 
31 
-1 600 32 22 
2: 700 32 18 3: 
• I 700 35 16 4 •, 35 15 700 
' ,. 
36: ' . l 640 30 34 11 
' 2 640 30 34 
3:6: l 470 34 ' 20 
2 650 34 20 ~ 
I 
.3 .650 34 18 
48 :1 470 34 20 
'ix 2· -· 650 :f4 . 20 
.. 
' 48 l 600 32 22 2: 700 33 22 
48 1 640 30 34 
·2 640 30 34 
: 3 640 30 34 
48 1 600 32 31 
2 725 34 23 3 725 32 23 
4 650 35 18 
. ..,,,..._ .. 
Continued on next page 
' ,I ,~ ·/ 
.... ,r- ... • .. • • • • ••• ,• t-' op,, ..... :, ..... - • • ~ ~ • ... 
. l' j 
··Test Size 
No. • No. 
T-7-1 20 X 3/4 
... ·- ,- -- ... ' -T- -2. ···20· ··x · 3/ 4 
.. 
T-8-1 20 X 1 
. ' 
I 
L 
-
T-8-2 20 X 1 
'. 
E -- edge weld 
V --, single Vee weld 
X -- double Vee weld 
... 
•. I 
I 
-· 
• 
TABLE J. continued 
Type & Length 
Depth of of Weld 
Weld (in) 
X 1/2" 60 . 
-
.. 
- . -
: 
... 
-
-· ....... , ... 
I . I 
. - .. .. .. . . ' 
E 3/8" .60 .. 
I .. 
' 
: 
X 3/4" 60 
..;· 
•'. 
' 
.. 
l/2 '' 
.. 
60. .E 
. ' 
·. 
: 
: 
. . . 
· .
·- ·• . --
' ·_ y - ~ ' 
.,. 35. 
..... 1·--- • 
. 
t . .;. 
... 
.. .,. - . 
- - --- ·-
Pass ,, .,. Current 
. . 
Volt. Speed· 
No. (amp) (in/min) 
·1 '600 I 32 - ... - 31 . I 
2 725·· ~. .34 23 
3 725 32 - - ~\ --·2·3 I - .. . -
" 
" 
4 650 35 18 
J I 
. ---·~-..:-- .... .. ... .... . . ............. , ........ -· ..... ... _.,.._, ... 
l '" , ... -_ ..... -... .... .....:. ~ .. .., .. ,r·· 650 J.2 20 i 
. 2: 650 32 20 
·...i.. ... . _..,. .. -. ...... .... 
-3. 650 3·2 20 
~. . .. , .. 
' l 600 32 23 
:_·2: 750 34 22 
·_3. 750 34 15 
·4. 
.. 750 34 23 
.S. 750 t- ~· .35 .. 16 
I 
r 625 3~. 14 
•. :2 625 is· 14 
3, 625 ..... ~- 35 14 
4 625 37 . 10 
5 625 J7 I 10 
I 
6 625 37 10 
'. ' 
' . 
., 
,v 
~-· 
:t,I.:• ,, 
' r 
Plate 
Test No. Size 
T-1-3 6" X 1/4" 
\ 
T-2-3 6" X 1/2" · 
T-3-2 6" X 1 " 
T-4-2 10" X 1/2" 
T-5-l 14" X 1/2" 
T-5-2( 10 ") 14" 1/2" X 
( 
T-~-2(5") 1,4" X 1/2" 
T-6-1 14" X 3/4" 
T-7-1 20" X 3/4" 
T-8-1. 20·" X 1 " 
i • •• • ~ 
TABLE 4 
RESIDUAL STRESS DISTRIBUTION IN CENTER-WELDED PLATES 
'<t> 
4ro 4rc 
T <f:, y 
-
6y 
' 
bead 1/8" 0.933 0.539 
1/4" 1.018 0.668 
D-Vee 3/8" 0 .945 0.621 
I 
1/4" 1.425 I 0.682 
I 
I 
1 / ,~" 1.196 \ p. 560 
I 
' . 
D-Vee 1 /8.'-' 1.157 Q .• 133 
D-Vee l/8t:1 1.268 0.215 
i 
1/4" 
: 
0.325 D-Vee 1.578 
D-Vee 1 / l., II 1.802 0.296 
D-Vee 3/8" 1.690 0.251 
.. 
1 6rc 2 
d:,y 
0.523 
0.638 < 
0.625 
-
0.665 
0.562 
'. 
0 .. 1.32 
.Q.:. 236 
O· .• 3_.26 
. ' 1 
.Cl. '30.'8· 
·-
O. 3·.20 
, 
~· 
' 
k~s; 
~ 
' 
' .. 
. 
' 
Mean 
.. 
,; 
: 
; 
; 
0.631 
' 
0 • r 53 ~ .[?.3 
r 
0.674 
0.5~1 
-
0.131\ 
0.22~ 
0.32 
0. 302. 
! 
: 
0.286 
q 
l. 
' : 
: J Z1 
' i 
: f 
J 
0.210 
0. 218 ~ 
0.212 
0.198 
t 0.172 t 
~ 0.143 ' ~ 
0.155 
~ ,. 
f 
I 
0.150 
; 
I 0.140 • 
.. 
: 
: 
0.109 
- : ' ~: . 
' 
I 
~, 1 
, I \ 
I - ', 
z2 
: 
0.213 
0.200 
0.212 
i 
., I 
I ·1 
I 
•• I. 
'.: i 
~-" 
• I 
! 
. ' 0. 186 
0.174 
0.143 
0.161 
0.154 
0.134 
0.111 
' 
'I 
·~- I 
I 
Mean· 
0.212 
0.209 
0.212 
. 0 .192 
0 .173 
0.143 
0.158 
0.152 
0.137 
0-.110 
' 
L 
.' 
,. Test No. 
T-1-2 
. 
T-2-1 
' 
T-4-1 
T-5-3 
T-7-2 . 
T-8:.·:2 
·.· 
·- ... 
.. 
TABLE 5 
RESIDUAL STRESS DISTRIBUTION IN EDGE-WELDED PLATEt 
. 6,.,.. E 
&,rr · 
.. 
Plate brt 
Size T <l,y 
'; 
,, 
6-" X 1/4" 1 /8" 1.448 
6'' X: 1/2" 1/4" 0.745 
10" X 1/2" 1/4 ... 1.060 
: 14" X 1/2" J./4·'' . 1.140 
.. 
20--n X 3/4'' 3 /8 ~·- 1.340 
' ' 
.. 
20" X 1 " l.l-21': 1.265 
.. • 
.. 
A.ssumpfr'o;_, : 
~rm ~re ' 
6y ~y 
... 
0. 658. 0 .178 
0.667 0.493 
:, 
0.577 0. 200 
0.531 0~167 
•. 
0.576 0.156 
' 
0.682 0.022 
. 
f,.: 
... 
., .. 
~-
z1. 
0.147 
0.203 
0.15i 
0.136 
0.128 
0-.110 
. 
-
• t 
' 
.. 
.. 
.. 
,. 
l 
' 
I ; 
• 
• i 
. 
' 
I 
I 
~ j 
! 
' 
' 
. .' 
., 
,'. 
·, 
, . 
. •' ., 
" 
' 
' 
' r 
l<.$1 
Z2 
' 
' 
0.190 
' o •. 435 
0 •. 300 
' 
0.2$0 
o.2zs 
0.225 
' 
' 
' 
' 
' 
. ' 
. 
. 
... 
., ·'' 
,,[ 
•I 
•• i . 
,. 
;,! ' 
. . 
, . 
.. 
i 
. 
'· .r re 
' . .• 
.. 
.. 
. • ,, 
., 
:! 
·' ·'-'. 
·' 
·, 
' .,
.. . 
' 
. . 
I 
' 
·-
' 
' 
.·, 
., 
., 
; ... 1-··, 
Z3 
0.283 
0.275 
0.335 
-, 
O'~ 357 
0.360 
0.450 
' ., 
I 
• I 
i 
~·· 
! 
II 
I 
I 
- I 
. 
i 
-., .. ,; :;s_.a.w 
.. . .. 
• I 
~ 
.. 38. 
."'I•. 
TABLE 6 
COMPARISON OF HEAT INPUTS OF MANUALLY AND AUTOMATICALLY WELDED PLATES I 
' 
.-.: _· I; 
'. - ·- --·-··--·-- -~-···· -· ..... 
I 
Manually Welded Automatically Welded ,. 
• Plates A7 Plates A3.Q 
Plate Type * & 
• Size Pass Test Depth of 
(in) No. No. Weld 
. . . . . . . . . . . - .................... - . . .. .. - . .. . ... .. .. . .. .. .. - ... - . - .. 
' 
6 X l./4 1 T-1-1 
') 
--
--
. . . 
·f .. 
-1 
6 X 1/4 1 T-1-7 
--..,..,. ___ 
--·-·"--- - 2 
6 X 1/2 1 T-7-2 
2 ... 
4 
6 X 1/2 1 T-7-5 
.. 2 
3 
: 
6 X 1/2 1 T-7-4 
' 2 
.6 X 1 1 T-17-2 
2 
3 
4 
10 X 1/2 1 T-2-2 
2 
,.. 3 
·. 10 X 1/2 1 i--2-:6 
2 
. 
3 
' 
'. 
.. 
2:0 X: l l _T:..·_6:..·1 
2 
3 
4 • ~·-h . 
5 
.. 
6 
. *E -- edge weld 
V -- single Vee weld 
X -- double Vee weld 
V 1/8" 
-· 
. ·-----·-
iv 1/BH 
,V,'\' - --
' 
V 1/8" 
V 3/8" 
E 1/4° 
·v :_l./2" 
. 
E 1/4'' 
:v· 1/i'' 
·:E :3/8 '' 
. ' 
Type * & 
Heat Test Depth of 
Input No. Weld 
... ... ' 
. I - . 
315001 T-1-3 bead 1/8" 
----s~r:Joo : · 
·-- _____ .. _ ..... 
. -
-
- 2250-0- ·- .. -- ~-~-
.. . .. -
--
-
~-----··-21000 -
-- --
---· 
I! 
78900 T-2-3 V 1/4'' 
--
62200 
--
_,.._. 
101800 
--
160300 --
212000 T-2-2 E 1/4" 
100000 T-3-2 X 3/ 4" 
155600 ,, 
280000 
--
136800 T-4-1 E 1/4" 
105200 
105200 
101300 T-4-:2 ·v 1/4.'·' 
--
--
124300 T-8-2 E l /.2. II 
114000 
91200 
--
: 
--
-- : 
·:f 
. . .. 
_ Current x Voltage 
Heat Input - Velocity of Electrode (watt sec/in) 
n, ' 
I 
.·,· ... ,. 
,1.. ___ Heat 
Input 
16650 
r · ·· -rJffi'SO · 
... ~ 
--
48000 
66300 
--
--
·--
33500 
33500 
52300 
74600 
91800 
98000 
33900 · 
33900 
--
48000 
66300 
73700 
93800 
93800 
93800 
138600 
138600 
138600 
., 
- . 
-
. 
------· --·- ·_i_ --• .:....... -
-
·~ r 
:--· .. 
., 
' . 
., 
' ' . 
Plate 
T-1-1 
No. 
T-5-4 
. 
T-8+3 
... 
-
Coupon 
11 
1.2. 
.. 
.1·3· 
,•' 
5·4 
55 
56 
~ 
84 
85 
86 
. 
Before 
·No. ~ ys. 
ksi 
40 .8 
39.4 
41: • .3 
'. 
:~J .• :i 
: 
•. 
:, 
33· '5 . . ..... : . : . 
: 
.3:4·_ •. 2: 
'' 
·. 
.. 
'( 
. 
45.6 
42·. 7 
44.6 
.. 
• 
*Th1·s . ld 1 c-0upon contains we meta 
/· 
:\· 
. ":t. 
'-
TABLE 7 
RESULTS OF COUPON TESTS 
Welding 
Eln Redn. • Area Plate No. in 
% % 
28.9 so .8 - T-1-3 
54. 9. ' 25.4 
~~-
·-
21.:0 52 •. 6 
' 
. 
-
... 
29. 7 59· .:2: T--5~·1 
29.3 56 .• __:.9 . 
' 
29. 7 :5.8 •.. 7 
.. 
T-8~:J 25· a· 60.9 •• 
. . . :-•:' '' 
27.-0 '60 .u 
: 
·26.6' 61. 4-
.. 
~ . .. 
..... _ 
-~· . 
... .,. 
I j 
1 
1 
J 
I 
' 
-
' 
' ,, 
,. 
I 
After l~eliding ' 
'. 
Coupon Ne;. 
: 
. 
'. 
; 
14 
15* 
, 
. 
16 
C ! 
i f" 
. j 
51 I I 
:5.2* 
! 
·_5·3 
J: 
, 
81 
l 82* ' 
83 
t 
' 1 .. 
. . 
i 
I 
. 
J 
., 
I 
f 
;:, 
;• 
. 
.... 
i' 
. j 
'f 
t 
1 
I 
I 
\ 
f 
:· ' 
' 
r 
: 
' 
( 
J 
•. 
1 
: 
0 
l-' 
• 
. , 
' I 
•: 
'· 
" I 
' 
l 
' 
~ys. 
ksi 
. 
42. 5 
I 
I 
48.4 
. 
43.0 
i 
36.9 
' 
45.6 
, 
' 
' 
36.3 
, 
' 
' 
' 
45.l 
' 
' I 
156.? 
' I. 
45.?-, 
J 
' 
' 
' 
' 
' 
-~ ··: 
' I 
., 
.I 
·:t . 
" 
A 
- I. 
I 
Eln Redn. . in 
% Area % 
30.8 50.9 
22. 7 46.4 
30. 5 so. 7 
' 
30.5 58.1 
25.4 48.1 
31.3 60.2 
27.7 62.8 
22.7 " 51.2 
' 28.1 61. 7 J 
,,. 
• 
'I· 
...... - . 
•~ ..... ' .,f . '. 
' 
AVERAGE OF EXPERIMENTAL VALUES OF RES::: :TRESS DISTRIBUTION IN JEJEDiPLATES 
-
.NOS. OJ: 
Measurements 
Plates A M 
Narrow 3 ·22 
Medium 1 22 
.. 
Wide ':6 . . 7 
'' 
. . · ... 
''t 
' . 
..... 
. 
' 
Nos. of 6rt 
Measurements (ksi) 
Plates A M A M 
. 
Narrow 2 6 40 46 
Medium 1 5 38 55 
Wide 3. 8 45 41. 
t 
A -- Automatically welded 
M -- Manually Welded 
. 
CENTER-WELDED PLATES 
' 
I . 
~ro (ksi) 6rc (ksi) 
A M A M 
35 44 22 22 
52 52 24 23 
. .. 
52 58. :11 7 
.. 
' ' 
. ' 
' . ' 
EDGE WELDED PLATES 
Positions 
., 
6 re ~rm Z1 
(ksi) (ks") 
A M A M A M 
-
24- 19 12 5 0.18 0.12 
21 23 7 7 0 .16 0.11 
22 14 4 7 0.13 0 .o 7 
·.'>: 
G m:Gl -r £.2 I 
--~, 
4o 
A M 
~ 
., 
J._ 
0.21 : 0. 19 I 
' 
0.19 0. 18 
' 
0 .17 0.13 
' 
r I 
' 
i 
I 
• 
,. 
I· 
, F. 
i ,.-
~-
I 
I 
r 
! 
' : 
of I Zero 1& l~IaJ<i. Res • Stress 
. ; 
~2 
. 
: Z3 . 
' ' 
I 
' 
I ,, 
. 1 
A ~ 11 i A. M •. ; 
" ' I I 
t ! 
. . 
, .
. 
0.31 OJ26 o·. 28 0.13 
{ ' 
: 1 
' I 
0.30 
' 0 .
1
2 3 0,. 34 0.41 
I 
I . 
0.23 0 .:14 0-. 39 0.57 
' 
., 
' 
. 
/ 
• I 
\ 
,• 
:1 
4 
I . j 
... 
. 
-
• 
~· 
~· 
n 
.. 1 , • • 
,; . ,,, .,-, .. '· 
·- ~ •• • ' ' • - -( - ~JI" • ....... - ·- --- .............. -- - ·-~· ........... ,.., - ' - ,_ .... ' . ' 
. ,., - ·. 
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ABSTRACT 
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\ Investigations have been undertaken to evaluate some of the 
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geometrical properties influencing brittle behavior. In doing this, 
-- - -- several and qarious fracture tests have been conducted. In particular, 
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fracture tests, using the V-Notch Charpy Impact test to correct for 
metallurgical differences. In addition to the fracture tests, two 
weldability tests, the Battelle underbead cracking, and the Lehigh 
restraint test have been conducted. 
l 
Conclussions have been made concerning "infinite" specimen 
dimensions necessary to give the same characteristics that"would be 
found with heavy ship plate sections • 
., 
In particular the variables of the van der Veen test have 
been discussed. This test has been recommended as a suitable test to 
evaluate an "optimum" steel for heavy ship plate. Such a st·eel would 
have to be sufficiently strong, easily weldable, ~nd exhibit good notch 
toughness properties. 
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